apoptosis | caspase activation | induced proximity | mechanism | CARD C aspases are a family of highly conserved cysteine proteases that cleave their substrates after an aspartate residue (1) . Apoptosis, or programmed cell death (2, 3) , is triggered by a cascade of caspase activation (4) . Intracellular death cue culminates in the activation of an initiator caspase such as caspase-9 in mammalian cells. Once activated, the initiator caspase cleaves and hence activates effector caspases. This process is exemplified by the activation of caspase-3 by caspase-9. The effector caspases are responsible for killing the cell by cleaving a broad range of substrate proteins (1) .
Caspase-9 and caspase-3 represent the most extensively studied initiator and effector caspases, respectively. Although the activation mechanism for effector caspases is reasonably well understood (5) , how an initiator caspase is activated remains enigmatic. The challenge in understanding initiator caspase activation is caused in part by the complexity of the process. Unlike an effector caspase, which is activated by a single intrachain cleavage mediated by an initiator caspase, an initiator caspase must be recruited into a multimeric adaptor protein complex, where the initiator caspase undergoes one or more autocatalytic cleavages. Such a multimeric protein complex is commonly known as an apoptosome (6) . Caspase-9 is activated by the Apaf-1 apoptosome (6) .
Apaf-1 contains a caspase recruitment domain (CARD) at its amino terminus, followed by a nucleotide-binding oligomerization domain (NOD) and 15 repeats of WD40 at its carboxyl terminus. In homeostatic cells, Apaf-1 exists as an inactive monomer. In apoptotic cells, cytochrome c is released from mitochondria to the cytoplasm, where it binds Apaf-1 (7, 8) . Subsequent replacement of ADP by dATP/ATP in Apaf-1 triggers formation of a heptameric apoptosome (9) (10) (11) . The Apaf-1 apoptosome catalyzes the autocatalytic activation of the caspase-9 zymogen. Importantly, the cleaved, mature caspase-9 remains bound to the Apaf-1 apoptosome as a holoenzyme, which displays a proteolytic activity at least two orders of magnitude higher than that of free, mature caspase-9 (12) . Thus, the key for elucidating mechanism of caspase-9 activation is to understand how mature caspase-9 is allosterically activated by the Apaf-1 apoptosome. Structural analysis of the Apaf-1 apoptosome by cryo-EM revealed a wheelshaped assembly, with CARD and NOD located at the central hub and WD40 repeats as the extended spokes (11, 13, 14) .
Despite rigorous investigation and evolving hypotheses, the molecular mechanism by which caspase-9 is activated by the Apaf-1 apoptosome remains largely unknown. In the late 1990s, the induced proximity model was proposed to explain the general mechanism of initiator caspase activation (15) (16) (17) (18) (19) . Although correct in a general sense, induced proximity applies to just about any general biological system of protein-protein interaction and fails to mention the specific underpinnings of caspase activation (20) . A refined version of the induced proximity model, known as proximity-induced dimerization (21) , states that multiple molecules of caspase-9 are recruited into the Apaf-1 apoptosome for increased probability of dimerization and subsequent activation. This model assumes the dimeric form of caspase-9 to be fully activated and postulates that the Apaf-1 apoptosome serves to promote caspase-9 homodimerization. At present, there is no compelling evidence to support the notion that the fully activated caspase-9 within the Apaf-1 apoptosome is homodimeric. More
Significance
Upstream cell death stimuli culminate in the activation of an initiator caspase, marking the onset of apoptosis. Activation of the initiator caspase, caspase-9, is mediated by the heptameric Apaf-1 apoptosome. How Apaf-1 apoptosome facilitates the autocatalytic activation of caspase-9 has remained controversial and largely enigmatic. Two contrasting but not mutually exclusive hypotheses, proximity-induced dimerization vs. induced conformation, emphasize different aspects of initiator caspase activation. This study provides compelling evidence to support the induced conformation model for caspase-9 activation. A previously unknown interface between Apaf-1 and caspase-9 was identified to play an essential role in caspase-9 activation, and formation of a multimeric complex between Apaf-1 caspase recruitment domain (CARD) and caspase-9 was shown to be indispensable for caspase-9 activation.
importantly, even if the assumption is correct, how the Apaf-1 apoptosome recruits caspase-9 and facilitates its homodimerization remains unnoted by the proximity-induced dimerization hypothesis (6, 20 ). An alternative model, named induced conformation, was proposed to explain caspase-9 activation; this model states that the primary function of the Apaf-1 apoptosome is to help caspase-9 attain an activated conformation through binding (20, 22) .
Elucidation of the underlying mechanism of caspase-9 activation requires thorough knowledge of the interactions between caspase-9 and the Apaf-1 apoptosome. At present, the only reported interaction occurs between the CARD domains of Apaf-1 (ApCARD) and caspase-9 (C9CARD) (8, 23) . The crystal structure of a 1:1 complex between ApCARD and C9CARD reveals a complementary interface that is indispensable for caspase-9 activation (23) . However, the induced conformation model, but not the proximity-induced dimerization model, demands existence of additional interactions between caspase-9 and Apaf-1. Intriguingly, ApCARD alone was found to induce formation of a multimeric complex with caspase-9, in which caspase-9 exhibited markedly enhanced protease activity (24) . This observation, reported 12 y ago but left unnoticed by the cell death community, has been rigorously repeated and unequivocally demonstrates the existence of additional specific interactions between ApCARD and caspase-9. However, the nature of such interactions, or the relation of these interactions with caspase-9 activation, has remained elusive.
In this paper, we provide conclusive evidence that caspase-9 activation by the Apaf-1 apoptosome requires at least two additional specific interfaces between caspase-9 and Apaf-1. Thus, the previously reported 1:1 complex between ApCARD and C9CARD (23), although indispensable, fails to recapitulate the complete set of interactions between Apaf-1 and caspase-9 in the apoptosome holoenzyme. Our experimental evidence demonstrates that ApCARD and C9CARD assemble into a higher-order oligomer, which may further recruit the protease domain of caspase-9 for activation. These findings constitute strong evidence in support of the induced conformation model for initiator caspase activation (20, 22) .
Results
Oligomerized ApCARD Potently Activates Caspase-9. ApCARD and caspase-9 assemble into a multimeric complex, within which caspase-9 exhibits drastically increased protease activity (24) . This ApCARD-caspase-9 complex, named a miniapoptosome, appeared to be unstable and slowly dissociated over gel filtration chromatography (24) . The concentration-dependent formation of the miniapoptosome provides a plausible explanation to the observation that the protease activity of caspase-9 in the miniapoptosome is lower than that in the intact Apaf-1 apoptosome. Because the ApCARD-caspase-9 complex contains no artificial oligomerization motif or exogenous fusion protein, it may faithfully recapitulate the core elements of the caspase-9-Apaf-1 apoptosome holoenzyme. Under this scenario, we hypothesize that the main function of the Apaf-1 apoptosome is to provide a stable scaffold to prevent dissociation of the ApCARDcaspase-9 complex.
This hypothesis predicts that any ApCARD-linked stable scaffold, ideally of sevenfold symmetry, may suffice to activate caspase-9 to a similar extent as the Apaf-1 apoptosome. To examine this scenario, we fused ApCARD (residues 1-105) to the amino terminus of the chaperonin GroES (residues 1-97). GroES is known to form a stable heptamer (25) ; the carboxyl-terminal 10 residues of ApCARD are flexible enough to allow ApCARD sufficient freedom in binding caspase-9. We purified the fusion protein ApCARD-GroES to homogeneity (Fig. S1 ), along with caspase-9 and a truncated Apaf-1 (residues 1-591, referred to as Apaf1-591 hereafter) that retains the ability to form a functional apoptosome (26) .
The predicted molecular mass for a heptameric ApCARDGroES complex is ∼160 kDa. The 22-kDa fusion protein ApCARD-GroES was eluted from gel filtration with a molecular mass of approximately 250 kDa (Fig. 1A) . The larger-thanpredicted molecular mass of the heptameric ApCARD-GroES complex is likely caused by the increased radius of hydration caused by the flexible sequences between the heptameric GroES base and the seven ApCARD modules. Incubation of ApCARDGroES with an excess amount of caspase-9 resulted in the formation of an even larger complex, which exhibited a molecular mass greater than 700 kDa. Visualization and subsequent quantification of this complex by SDS/PAGE indicate that the molar ratio of caspase-9 over ApCARD-GroES is less than 1 (Fig. 1A) , suggesting that fewer than seven molecules of caspase-9 were bound to each heptameric complex of ApCARD-GroES.
Next, we examined whether caspase-9 assembled onto the ApCARD-GroES scaffold is catalytically activated by using an in vitro protease activity assay whereby caspase-3 (residues 1-277; C163A) was used as the substrate (Fig. 1B) . Free caspase-9 exhibited a basal level of protease activity (Fig. 1B, lane 2) , which was drastically increased by the presence of the preassembled Apaf1-591 apoptosome (Fig. 1B, lane 4) . Confirming our prediction, incubation of caspase-9 with the ApCARD-GroES heptamer also led to marked stimulation of the protease activity (Fig. 1B, lane 6) .
To better quantify the results, we used the fluorogenic peptide substrate Ac-LEHD-AFC in the protease assay (Fig. 1C) . Corroborating the aforementioned conclusion, caspase-9 displayed a similar level of protease activity in the presence of the Apaf1-591 apoptosome or the heptameric ApCARD-GroES complex. In either case, the protease activity is drastically higher than that of free caspase-9 (Fig. 1C) . Importantly, caspase-9 activity remained essentially unchanged in the presence of BSA, ruling out protein crowding effect as a contributing factor by the heptameric ApCARD-GroES complex.
To further examine the robustness of the conclusion, we engineered another fusion protein ApCARD-ClpP, in which ApCARD was fused to the amino terminus of the heptameric protease ClpP (residues 1-194), and purified ApCARD-ClpP to homogeneity (Fig. S1 ). The fusion protein ApCARD-ClpP formed a stable heptameric complex on gel filtration (Fig. S2) . Incubation of caspase-9 with ApCARD-ClpP resulted in the formation of a large complex in which caspase-9 was present in a substoichiometric quantity (Fig. S2) . The protease activity of caspase-9 was markedly stimulated by the presence of the ApCARD-ClpP complex, and the degree of caspase-9 activation is similar to that by the Apaf1-591 apoptosome ( Fig. 1 B and C) . Taken together, these experimental observations demonstrate that caspase-9 can be activated by a heptameric scaffold, in which the amino terminus of each protomer is fused to ApCARD for caspase-9 recruitment.
ApCARD and C9CARD Assemble into Multimeric Complexes.
ApCARD and C9CARD were thought to form a 1:1 heterodimer (23). The conclusion was reached by using recombinant, amino-terminally tagged C9CARD (23) . During a recent discussion about possible mechanisms of caspase-9 activation by the Apaf-1 apoptosome, we serendipitously came to the realization that, in ApCARD and C9CARD, the amino-terminal methionine residue is buried, with its amino group inaccessible for peptide bond linkage (23) . Thus, any peptide tag at the amino terminus of ApCARD or C9CARD is likely to cause a local structural perturbation. This analysis suggests that any specific interaction(s) mediated by the amino-terminal region of ApCARD or C9CARD would likely be overlooked if the amino-terminally tagged proteins were used for such studies.
Motivated by this rationale, we reexamined complex formation between ApCARD and C9CARD by using untagged ApCARD (residues 1-97) and carboxyl-terminally His6-tagged C9CARD (residues 1-100). The result was striking: rather than forming a 1:1 heterodimer as previously reported (23), ApCARD and C9CARD assembled into a multimeric complex with an apparent molecular mass in excess of 75 kDa ( Fig. 2A) . Given the calculated molecular weight of 11.1 kDa for ApCARD and 12.7 kDa for C9CARD, the observed ApCARD-C9CARD complex likely contains seven or eight molecules of CARD. Formation of this complex appeared to be unstable and concentration-dependent, as suggested by the asymmetric appearance of its peak on gel filtration ( Fig. 2A) . Consistent with this analysis, decreased concentrations of ApCARD and C9CARD led to the assembly of a complex with a smaller molecular mass of ∼50 kDa (Fig. S3) .
These experimental observations demonstrate that, in addition to the observed interface between ApCARD and C9CARD (23), each domain must use at least one more specific surface epitope for interaction with the other domain. We attempted to determine the molar ratio between ApCARD and C9CARD in the complexes of varying molecular masses. Unfortunately, we failed to detect a consistent molar ratio in response to varying concentrations of ApCARD and C9CARD. This observation Fig. 1 . Oligomerized Apaf-1 CARD (i.e., ApCARD) potently activates caspase-9 to a similar level as the Apaf-1 apoptosome. (A) Caspase-9 and the heptameric ApCARD-GroES complex form a multimeric assembly. Peak fractions from the color-coded chromatograms of gel filtration (Left) were visualized on SDS/PAGE gels by Coomassie blue staining (Right). The PAGE gels are identified by the same colors as those for the gel filtration chromatograms. Blue, caspase-9 alone; green, heptameric ApCARD-GroES complex alone; red, caspase-9 plus the ApCARD-GroES complex. (B) The heptameric ApCARD-GroES or ApCARD-ClpP complex stimulates the protease activity of caspase-9 to a similar level as the preassembled Apaf1-591 apoptosome. The Apaf1-591 apoptosome has the same ability to activate caspase-9 as the full-length Apaf-1 apoptosome (26) . Shown here is a representative SDS/ PAGE gel. The single-chain caspase-3 (C163A) was used as the substrate. (C) The heptameric ApCARD-GroES or ApCARD-ClpP complex potently activates the caspase-9 to a similar level as the preassembled Apaf1-591 apoptosome. The fluorogenic peptide Ac-LEHD-AFC was used as the substrate. Shown here are results of the caspase-9 protease activities from the original experiments (Left) and their quantification (Right). Each experiment described in this study was independently repeated at least three times. The error bar represents the SD of the observed values. suggests that the heptameric Apaf-1 apoptosome may serve as a stable scaffold to govern caspase-9 recruitment and hence its defined stoichiometry.
Structure of a Multimeric Complex Between ApCARD and C9CARD. To gain insights into the additional interfaces between ApCARD and C9CARD, we sought to crystallize a multimeric complex. After numerous efforts, we were able to generate crystals in the space group P2 1 . The structure was determined at 2.1-Å resolution ( Fig. 2B and Table S1 ). Each asymmetric unit contains four molecules of ApCARD and two molecules of C9CARD, which assemble into a butterfly-shaped structure (Fig. 2B) . These six CARD molecules are arranged into two basic units, each containing two molecules of ApCARD and one molecule of C9CARD (Fig. 2C) . These two units are related to each other by a twofold pseudosymmetry (Fig. 2B) .
CARD belongs to a superfamily of death domain fold proteins, which are characterized by six α-helices arranged in a typical Greek key topology (27) . These homotypic interaction motifs are thought to interact with each other through three types of interfaces (28) . Remarkably, the two molecules of ApCARD and one molecule of C9CARD in each unit associate with each other by using all three types of interfaces (Fig. 2C) . First, C9CARD uses two α-helices H1/H4 to closely stack against helices H2/H3 from an ApCARD, constituting a type I interface (23, 28) . This interface is nearly identical to that previously reported between C9CARD and ApCARD (23) (Fig. 2D) . Second, the same C9CARD employs helix H4 and the interhelical loops L23/ L45 to contact helix H6 and the interhelical loops L12/L56 from the other ApCARD, representing a type II interface (28) (Fig. 2C) . Finally, the two ApCARD molecules within the same unit interact with each other through a type III interface, involving helix H3 from ApCARD and L34/H4 from the other ApCARD (28) .
The three interfaces, particularly types I and II, involve a large number of specific interactions. As previously reported (23), the type I interface observed here contains a number of important interdomain hydrogen bonds (i.e., H-bonds), exemplified by those between Asp40 of ApCARD and Arg13 of C9CARD and between Asp27 of ApCARD and Arg52 of C9CARD (Fig. S4A) . At the type II interface, Glu78 of ApCARD accepts a pair of charge-stabilized H-bonds from Arg36 of C9CARD; Arg65 of C9CARD interacts with Tyr80 of ApCARD through cation-π interactions while donating a H-bond to the carbonyl oxygen of Glu78 (Fig. S4B) . At the type III interface, Glu41 of ApCARD accepts three charge-stabilized H-bonds, two from Arg52 of the other ApCARD and one from the main chain amide of Gln49 (Fig. S4C) .
In contrast to the dense interactions at the three types of interfaces, association between the two basic units appears to be relatively weak (Fig. S5 ). Except for four direct H-bonds, all other H-bonds are mediated by three sulfate ions that are present in the crystallization buffer. Intriguingly, two sulfate ions are located next to Ser31, raising the possibility that phosphorylation of the solvent-exposed residue Ser31 might bear a similar consequence as the presence of sulfates. We acknowledge that this analysis is highly speculative and lacks relevant physiological relevance.
An Essential Role for Caspase-9 Activation by the Type II Interface.
Four molecules of ApCARD and two molecules of C9CARD assembled into a heteromeric complex in the crystals. There is no experimental evidence to suggest the molar ratio or the size of the ApCARD-C9CARD complex in the crystals to be physiologically relevant. Nonetheless, the observed three types of interfaces in the crystals may recapitulate true structural features in the caspase-9-bound Apaf-1 apoptosome holoenzyme. To examine this scenario, we generated six missense variants of caspase-9, each containing one or two point mutations that target the type II interface. We individually purified these variant proteins to homogeneity (Fig. S6A) and evaluated the impact of the mutations on the ability of caspase-9 to be activated by the Apaf1-591 apoptosome by using an in vitro caspase-9 protease activity assay (Fig. 3A) .
By using the fluorogenic peptide Ac-LEHD-AFC as the substrate, the protease activity of WT caspase-9 was stimulated nearly 700-fold by the presence of the Apaf1-591 apoptosome (Fig. 3A) . The six caspase-9 variants exhibited three categories of phenotypes that are faithfully corroborated by structural observations. First, two variants, H38A and S31A/E33A, behaved similarly as the WT caspase-9, displaying greatly stimulated protease activities in the presence of the Apaf1-591 apoptosome (Fig. 3A) . Consistent with the WT-like phenotype for the two variants, His38 makes no direct interactions at the type II interface, whereas Ser31/Glu33 also contributes little to the interface (Fig. S4B) .
Second, in sharp contrast to WT caspase-9, two variants, each containing a missense mutation R36A or R65A, exhibited a severely crippled ability to be activated by the Apaf1-591 apoptosome (Fig. 3A) . In the crystal structure, Arg36 of C9CARD donates a pair of charge-stabilized H-bonds to Glu78 of ApCARD, whereas Arg65 of C9CARD mediates strong cation-π interactions with Tyr80 of ApCARD while donating an H-bond to the main chain carbonyl oxygen of Glu78 (Fig. 3B) . Thus, Arg36 and Arg65 of C9CARD appear to play an anchoring role at the type II interface, explaining why their mutations led to a crippled phenotype. Notably, although these two caspase-9 variants retained the ability to form a multimeric complex with the Apaf1-591 apoptosome, the sizes of such complexes are noticeably smaller than that of the WT caspase-9-Apaf1-591 apoptosome holoenzyme (Fig. S7) .
Third, each of the remaining two caspase-9 variants, R6A/R7A and E41A/D42A, displayed a mildly stimulated level of protease activity in the presence of the Apaf1-591 apoptosome (Fig. 3A) . The affected residues help stabilize the type II interface (Fig. 3B) , although the interactions are not as extensive as those mediated by Arg36 or Arg65. Correspondingly, the phenotypes for these two variants are not as severe as that for R36A or R65A. The sizes of the complexes between these two caspase-9 variants and the Apaf1-591 apoptosome are slightly smaller than that of the WT caspase-9-Apaf1-591 apoptosome holoenzyme, but larger than that for caspase-9 R36A or R65A (Fig. S6) .
We also created and purified a variant of Apaf1-591 that contains two missense mutations K81G/D82R targeting the type II interface (Fig. S6B) . Compared with WT Apaf1-591, this variant exhibited a greatly diminished ability to stimulate the protease activity of WT caspase-9 (Fig. 4A) . At the type II interface, Lys81 of ApCARD donates a H-bond to Glu33 of C9CARD whereas Asp82 of ApCARD makes a pair of H-bonds to the main chain and side chain of Ser67 in C9CARD (Fig. 4B) . This Apaf1-591 variant retained the ability to form a multimeric complex with WT caspase-9, but the size of this complex is smaller than that of the WT caspase-9-Apaf1-591 apoptosome holoenzyme (Fig. S8) . Taken together, our experimental observations demonstrate that the type II interface between ApCARD and C9CARD plays an essential role in the activation of caspase-9 by the Apaf-1 apoptosome.
Characterization of the Type III Interface for Caspase-9 Activation.
Unlike the type I or type II interface, the observed type III interface in our crystal structure involve only interactions between two ApCARD modules. In addition, the type III interface contains considerably fewer H-bonds compared with the type I or type II interface (Fig. S4 ). This analysis suggests that, compared with the other two types of interfaces, the type III interface may play a less important role in activation of caspase-9 by the Apaf-1 apoptosome. To examine this scenario, we generated two variants of Apaf1-591, E41K and R52G, each containing a single missense mutation. Both variants were purified to homogeneity (Fig. S6B ) and were evaluated for their ability to activate caspase-9 by using an in vitro caspase-9 protease activity assay (Fig. 4) .
Although Arg52 directly interacts with Glu41 at the type III interface (Fig. 4B) , the Apaf1-591 variant E41K, but not R52G, exhibited a greatly reduced ability to mediate caspase-9 activation compared with WT Apaf1-591 (Fig. 4A) . The different phenotypes may be explained by two factors. First, compared with Arg52, Glu41 mediates one additional H-bond between its side chain and the main chain amide of Gln49 (Fig. 4B and Fig.  S4C ). Second, the mutation E41K places a positively charged residue Lys next to positively charged Arg52, which may repel each other and thus actively sabotage this interface. By contrast, the mutation R52G introduces a Gly, which would not be in contact with Glu41. The Apaf1-591 variant E41K or R52G retained the ability to form a multimeric complex with WT caspase-9, which exhibited a smaller size compared with that of the WT caspase-9-Apaf1-591 apoptosome holoenzyme (Fig. S8 ).
Identification of a Key Surface Epitope on ApCARD. Our experimental evidence demonstrates that caspase-9 activation requires the assembly of an oligomeric CARD complex between Apaf-1 and caspase-9. We speculate that the primary function of the CARD complex is to provide a docking site for the protease domain of caspase-9 to bind and such binding results in formation of an activated active site conformation. To examine this scenario, we performed systematic mutagenesis studies on ApCARD and C9CARD, with the goal of identifying a mutation that has no impact on caspase-9 recruitment but abolishes caspase-9 activation. This effort led to the identification of two missense mutations K58E/K62E in Apaf1-591. The variant Apaf1-591 K58E/K62E forms a normal apoptosome holoenzyme with caspase-9, with an identical elution volume as that for the holoenzyme between WT Apaf1-591 and caspase-9 (Fig. S8) . Strikingly, however, the Apaf1-591 K58E/K62E apoptosome exhibited a severely crippled ability to stimulate caspase-9 activity (Fig. 4A) . We speculate that the surface epitope defined by Lys58 and Lys62 Fig. 3 . The type II interface between ApCARD and C9CARD plays an essential role in caspase-9 activation by the Apaf-1 apoptosome. (A) Characterization of six caspase-9 variants each containing one or two missense mutations at the type II interface. The six caspase-9 variants examined here are classified into three categories in terms of phenotype: no effect (H38A and S31A/E33A), mild effect (R6A/R7A and E41A/D42A), and crippling effect (R36A and R65A). Two mutations in caspase-9 R36A and R65A, which target key residues at the type II interface, nearly abrogated the ability for these caspase-9 variants to be activated by the Apaf1-591 apoptosome. The Apaf1-591 apoptosome has the same ability to activate caspase-9 as the full-length Apaf-1 apoptosome (26) . (B) Three close-up views of the interdomain H-bonds at the type II interface. Arg36 and Arg65 appear to anchor the interface by each mediating more than one H-bond. H-bonds are represented by red dashed lines. may be intimately involved in caspase-9 activation, presumably through direct interactions with the catalytic domains of caspase-9.
Stoichiometry Between Caspase-9 and Apaf-1. Our experimental evidence indicates that ApCARD and C9CARD form a multimeric complex. To determine the precise stoichiometry between Apaf-1 and caspase-9 in the apoptosome holoenzyme, we isolated a stable complex between the single-chain caspase-9 (C287A) and the Apaf1-591 apoptosome by gel filtration (Fig. 5A) . Then, an aliquot of the stable complex was subjected to capillary electrophoresis under denaturing condition (Fig. 5A) . On the basis of UV absorbance at 280 nm, the peak areas that correspond to caspase-9 and Apaf-1 were deconvoluted, integrated, and calculated for their relative molar ratio. This experiment was independently repeated three times, with the results nicely converging with each other. Quantification of the results identified the molar ratio of Apaf-1 over caspase-9 to be ∼1.66 ± 0.11, which corresponds to 4.2 ± 0.3 molecules of caspase-9 for each Apaf1-591 heptamer (Fig. 5A) . This analysis suggests a 7:4 molar ratio between Apaf-1 and caspase-9 in the apoptosome holoenzyme.
The suggested 7:4 stoichiometry between Apaf-1 and caspase-9 agrees well with enzymatic characterization of caspase-9 activation by the Apaf-1 apoptosome (Fig. 5B) . A fixed amount of WT caspase-9 was incubated with seven different concentrations of preassembled Apaf1-591 apoptosome to allow assembly of the caspase-9 holoenzyme. Then, the protease activity of caspase-9 was measured and plotted against the molar ratios of Apaf1-591 over caspase-9 (Fig. 5B ). Caspase-9 activity increased rapidly with increasing molar ratios of 0.1, 0.2, 0.5, and 1.0. Importantly, caspase-9 exhibited the highest level of protease activity at the molar ratio of 2.0, which is ∼37% higher than that at the Apaf-1: caspase-9 molar ratio of 1.0 (Fig. 5B) . This analysis suggests that, at the molar ratio of 1.0, extra caspase-9 may remain unbound by the Apaf1-591 apoptosome and thus yield a lower protease activity. Notably, caspase-9 activity was slightly reduced at molar ratios higher than 2.0 (Fig. 5B) , which can be explained by the notion that the competition for caspase-9 recruitment by excess amount of the Apaf1-591 apoptosome resulted in substoichiometric binding of caspase-9 to each apoptosome.
Discussion
Activation of caspase-9 consists of two steps. First, autocatalytic cleavage of the caspase-9 zymogen is greatly facilitated by the Apaf-1 apoptosome. Second, the mature caspase-9 remains bound to the Apaf-1 apoptosome as a holoenzyme, within which caspase-9 exhibits a stimulated level of protease activity that is at least two orders of magnitude higher than that of free caspase-9. The first step of caspase-9 was once thought to be unimportant, because mature caspase-9 and the single-chain uncleaved caspase-9 seemed to exhibit a similar level of protease activity in the presence of the Apaf-1 apoptosome (29) (30) (31) . In these studies (29) (30) (31) , caspase-3-specific substrate was used for the measurement of caspase-3 activity, which served as an indirect readout of caspase-9 activity. Unfortunately, the conclusion derived from such studies may be incorrect under the condition that saturating levels of caspase-3 activity can be caused by markedly different levels of caspase-9 activity. This conclusion was overturned by a recent investigation, which, using caspase-9-specific substrate as a direct readout of caspase-9 activity, showed the proteolytic processing of the caspase-9 zymogen to be essential for caspase-9 activation by the Apaf-1 apoptosome (32) . The essence of the second step is allosteric activation of mature caspase-9 by the Apaf-1 apoptosome. Obviously, both steps of caspase-9 activation strictly depend on the physical interactions between caspase-9 and the Apaf-1 apoptosome. The present study focuses on uncovering such previously unknown interactions.
In this paper, we demonstrate that the previously observed 1:1 complex between ApCARD and C9CARD (23), involving the type I interface, is insufficient for the activation of caspase-9 by the Apaf-1 apoptosome. Missense mutations targeting key H-bonds at the type II interface, exemplified by R36A or R65A in caspase-9, abrogated caspase-9 activation by the Apaf-1 apoptosome. By contrast, mutations affecting noninteracting residues at the type II interface, such as H38A in caspase-9, had no impact on caspase-9 activation. Thus, the severity of mutations in terms of affecting interactions in the type II interface directly correlates (A) Determination of the molar ratio between Apaf1-591 and caspase-9 by capillary electrophoresis. A stable complex between the single-chain caspase-9 (C287A) and the Apaf1-591 apoptosome was isolated from gel filtration (Top) and visualized on SDS/PAGE by Coomassie blue staining (Middle). The peak fraction that corresponds to the caspase-9-Apaf1-591 apoptosome holoenzyme was subjected to capillary electrophoresis under denaturing condition. The peak areas were deconvoluted, integrated, and converted to molar ratio between Apaf1-591 and caspase-9. The molar ratio between Apaf1-591 and caspase-9 was determined to be 1.66 ± 0.11 or 7:4.2 ± 0.3. (B) Enzymatic characterization of caspase-9 supports the molar ratio of 7:4 between Apaf1-591 and caspase-9. Upon incubation with increasing concentrations of preassembled Apaf1-591 apoptosome, the protease activities of caspase-9 were measured and plotted against the molar ratios between Apaf1-591 and caspase-9. The highest protease activity was recorded at a molar ratio of 2:1 between Apaf1-591 and caspase-9.
with the extent of caspase-9 activation by the Apaf-1 apoptosome. These experimental findings unequivocally show that a specific type II interface between caspase-9 and Apaf-1 is indispensable for the activation of caspase-9 by the Apaf-1 apoptosome. The observed type III interface may also play an important role in caspase-9 activation, as the mutation E41K in Apaf-1 resulted in a severely reduced ability for the Apaf1-591 apoptosome to stimulate caspase-9 activity.
How do the additional interfaces contribute to caspase-9 activation? A conclusive answer to this question ultimately constitutes the long sought-after mechanism of caspase-9 activation by the Apaf-1 apoptosome. Although this paper does not provide a straightforward answer to this question, we provide tantalizing clues. First, the additional interfaces are used to form a multimeric complex between ApCARD and caspase-9, within which caspase-9 activity is greatly stimulated (24) . In fact, the fusion protein ApCARD-GroES or ApCARD-ClpP forms a stable heptamer, which potently stimulates the protease activity of caspase-9 to a similar level as the Apaf-1 apoptosome. This finding argues that the primary function of the Apaf-1 apoptosome is to stabilize the multimeric complex between ApCARD and caspase-9.
Second, within the caspase-9-bound Apaf-1 apoptosome, the molar ratio of Apaf-1 over caspase-9 is likely to be 7:4. This conclusion is supported by two lines of experimental evidence: direct quantification by capillary electrophoresis and enzymatic characterization (Fig. 5) . The substoichiometric molar ratio for caspase-9 in the Apaf-1 apoptosome holoenzyme was previously reported in another study (29) , although the precise ratio was not determined. Notably, in the multimeric complex with ApCARDGroES or ApCARD-ClpP, the molar ratio of caspase-9 was also less than 1 (Fig. 1A and Fig. S2 ). How can ApCARD and caspase-9 assemble into a 7:4 complex? We attempted to build an atomic model by using the observed structural information. Much to our surprise, simple propagation of the three types of specific interfaces in the ApCARD-C9CARD complex gave rise to a 11-mer complex, with seven molecules of ApCARD and four molecules of C9CARD (Fig. 6A) . Within this 11-mer complex, there are a total of 14 previously observed, specific interfaces, including four type I interfaces, four type II interfaces, and six type III interfaces (Fig. 6B ). In addition, there are nine interfaces of the reversed polarity: three for each type of the three interfaces (Fig.  6B ). For example, in the type I interface of reversed polarity, ApCARD uses its H1/H4 to stack against H2/H3 from C9CARD; whereas, in the normal type I interface, H1/H4 of C9CARD contact H2/H3 of ApCARD. Remarkably, all carboxyl termini of the 11 CARD domains are located on the outer surface of the assembly, available for covalent linkage to the ensuing sequences. This model is consistent with the observed CARD disk above the Apaf-1 apoptosome as revealed by cryo-EM analysis (14) , and shares common structural features reported in the helical assemblies for other death domain modules (33) (34) (35) .
Third, how can assembly of the CARD complex facilitate caspase-9 activation? We have identified two key residues on ApCARD, Lys58 and Lys62, neither of which is involved in the three observed types of interfaces. Despite the ability of Apaf1-591 K58E/K62E to form a normal apoptosome holoenzyme with caspase-9 (Fig. S8) , the resulting apoptosome has nearly abrogated the ability to stimulate caspase-9 activity (Fig. 4A) . Notably, Lys58 and Lys62 from four ApCARD molecules are located close to each other and appear to define a binding epitope on the outer surface of the CARD assembly (Fig. 6C) . We speculate that this surface might be responsible for docking the catalytic domains of caspase-9.
Our experimental observations provide a strong support for the induced conformation model of initiator caspase activation. The confirmed additional interfaces between caspase-9 and Apaf-1, the observed multimeric complex between ApCARD and C9CARD, the calculated molar ratio between Aapf-1 and caspase-9, and the putative docking site on Lys58/Lys62 of Apaf-1 are all consistent with each other and with the induced conformation model. These lines of experimental evidence go beyond what has been described in published literature and reveal significant mechanistic insights into caspase-9 activation.
Materials and Methods
Protein Preparation. Apaf-1 CARD (i.e., ApCARD; residues 1-97) was cloned into the vector pET21b (Novagen) without any tag, overexpressed in Escherichia coli Bl21(DE3), and purified to homogeneity by anion-exchange chromatography. Caspase-9 CARD (i.e., C9CARD; residues 1-100) was cloned into the vector pBB75 (36) with a C-terminal hexahistidine (6× His) tag, overexpressed in E. coli Bl21(DE3), and purified by Ni 2+ -NTA affinity column (Qiagen) and Source-15Q column (GE Healthcare). The ApCARD-C9CARD complex for crystallization was obtained by coexpression in E. coli Bl21(DE3). The other proteins, including caspase-3 (C163A), ApCARD-GroES, ApCARDClpP, and WT and mutant Apaf-1 or caspase-9, were cloned into the vector pET-29b (Novagen) with a carboxyl-terminal 6× His tag, overexpressed, and purified as C9CARD. All proteins were further purified by gel filtration (Superdex-200, 10/30; GE Healthcare). The fluorogenic substrate Ac-LEHD-AFC was purchased from Enzo Life Sciences, and dATP was from Sigma.
Caspase-9 Assay. The Apaf1-591 apoptosome was assembled by incubating Apaf1-591 with 1 mM dATP at 4°C overnight, and purified by gel filtration before use. The buffer used in the assays contained 100 mM KCl, 20 mM Hepes, pH 7.5, and 5 mM DTT. For the caspase-9 protease activity assay using Ac-LEHD-AFC as the substrate, WT caspase-9 or the variants, each at 0.2 μM concentration, was mixed with the Apaf1-591 apoptosome (containing 0.4 μM Apaf1-591 protomer) and incubated at 22°C for 10 min. Then, the substrate Ac-LEHD-AFC was added to a final concentration of 200 μM, and the fluorescence intensity was monitored in a fluorescence spectrophotometer (F-4600; Hitachi). The excitation and emission wavelengths were 400 nm and 505 nm, respectively. The activity of caspase-9 was also measured using caspase-3 (C163A) as the substrate. Caspase-3 (C163A) at 40 μM was incubated with the Apaf1-591 apoptosome (containing 2 μM Apaf1-591 protomer) and caspase-9 (1 μM) for 1 h at 4°C, and additional 30 min at 22°C. Reaction was stopped by adding an equal volume of 2× SDS loading buffer and immediately boiling at 96°C for 5 min. The samples were loaded into a 16% (wt/vol) SDS/ PAGE gel, which was stained by Coomassie blue.
Gel Filtration Analysis. Superdex-200 (10/30; GE Healthcare) or Superose-6 (10/30; GE Healthcare) was used in this study. The column was preequilibrated with 100 mM KCl, 20 mM Hepes, pH 7.5, 5 mM DTT, and calibrated with molecular weight standards (GE Healthcare). After injection, the samples were eluted with a flow rate of 0.4 mL/min.
Capillary Electrophoresis. The Apaf1-591 apoptosome/caspase-9 C287A complex was assembled in the presence of 1 mM AMPPNP and purified by gel filtration. The peak fraction was collected and denatured by SDS and then separated by capillary electrophoresis. The detection wavelength was 280 nm.
Crystallization. Crystals of ApCARD (residues 1-97)-C9CARD (residues 1-100) complex were grown at 18°C using the hanging-drop vapor-diffusion method by mixing 1 μL of the complex protein with 1 μL of the reservoir solution containing 13% PEG 3000, 0.1 M MES, pH 5.5, and 0.2 M ammonium sulfate. The crystals were directly flash-frozen in a cold nitrogen stream at 100 K.
Data Collection and Structural Determination. The data were collected at the Rigaku CCD Saturn 944. All data sets were integrated and scaled by using the HKL2000 package (37) . Further processing was carried out by using programs from the CCP4 suite (38) . Data collection statistics are summarized in Table  S1 . The crystal structure of the 1:1 complex of Apaf-1 CARD and caspase-9 CARD [Protein Data Bank ID code 3YGS (23)] was used as the initial model, and our structure was solved by molecular replacement by using PHASER (39) and manually refined with COOT (40) and PHENIX (41).
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Hu et al. 10 .1073/pnas.1418000111 Fig. S1 . Highly purified, recombinant proteins were used for mechanistic investigation of caspase-9 activation. Shown here is a representative SDS/PAGE gel visualized by Coomassie blue staining. Apaf1-591 contains residues 1-591 of Apaf-1; this protein is sufficient for formation of the apoptosome and subsequent caspase-9 activation (1). ApCARD-GroES is a fusion protein between ApCARD (residues 1-105) and GroES from Escherichia coli (residues 1-97). ApCARD-ClpP is a fusion protein between ApCARD (residues 1-105) and ClpP from E. coli (residues 1-194). BSA was purchased from Sigma and serves as a negative control. Caspase-9 shown here contains two subunits: p35 (residues 1-315) and p12 (residues 316-416). . Mutations in caspase-9 that target the type II interface affect formation of a multimeric complex between caspase-9 and the Apaf1-591 apoptosome. Shown here are gel filtration chromatograms for four caspase-9 variants, each with a varying degree of compromised ability to be activated by the Apaf1-591 apoptosome. The apparent molecular mass for each of the complexes between Apaf1-591 and the caspase-9 variants is smaller than that between Apaf1-591 and WT caspase-9. Fig. S8 . Mutations in Apaf1-591 that target the type II or type III interface affect formation of a multimeric complex between caspase-9 and the Apaf1-591 apoptosome. Shown here are gel filtration chromatograms for four Apaf1-591 variants, each with a varying degree of compromised ability to activate caspase-9. For three variants, the apparent molecular mass for each of the complexes between the Apaf1-591 variant and caspase-9 is smaller than that between WT Apaf1-591 and caspase-9. Notably, for the Apaf1-591 K58E/K62E variant, the apparent molecular mass is nearly identical to that between WT Apaf1-591 and caspase-9. However, despite formation of the multimeric complex between caspase-9 and the Apaf1-591 apoptosome, Apaf1-591 K58E/K62E exhibits a severely compromised ability to activate caspase-9.
